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Making robots interactive 137 138
There are a number of common, basic requirements that must be fulfilled if interaction with 139 live animals is to be possible. The behaviour of live animals needs to be monitored (e.g. 140 through direct observation or an automated camera system) to provide the sensory basis for a 141 response by the agent (virtual animal or robot). This sensory information is used to make a 142 decision (usually made by a human observer or a computer) over how the agent should 143 respond in the next time step. Depending on what the live animal does next this can 144 potentially lead to a chain of interactions between animal and agent. Some researchers use a 145 simple remote-control system to initiate a response in the robot when they want to create an 146 interaction between live animal and robot [9] . This means the first two steps regarding 147 sensory input and decision-making (discussed above) are operated by a human observer. This 148 approach has the disadvantage that much is left to the judgement of the scientist operating the 149 robot. More sophisticated systems give the robot sensory input, a control system and 150 behavioural output so that it can make its own (standardised) decisions as to when and how to 151 interact [4] . This approach can result in an autonomous robot where the animal and the robot 152 interact without intervention from an observer [4] . As an alternative, the control system can 153 be externalised in order to allow the experimenter to change the course of an interaction 154 between robot and animal at any point (Box 2). For example, the experimenter could load a 155 new interaction sequence if the context required it. 156
Furthermore, for the analysis of robot-animal interactions and the operation of remote-157 controlled robots, 2d or 3d tracking of robot and animal(s) is vital and usually done via digital 158 video cameras which are connected to a computer. While pattern recognition and tracking 159 have made great advances in recent years [34] , fully automated tracking of multiple objects 160 (robots and/or animals) can still be surprisingly problematic under experimental conditions. 161 162 163
Robots in behavioural experiments 164 165
Interactive robots have the potential to revolutionise the way in which we perform 166 experimental work with animals because they provide a number of important methodological 167 advances.
Many if not most animal interactions involve behavioural sequences which were previously 173 difficult to test experimentally in a standardised way. Particularly relevant behavioural 174 contexts that can involve lengthy interaction sequences include cooperation, courtship and 175 agonistic behaviours and the fast-growing research area of collective behaviour. 176
Communal roosting is a wide-spread behaviour but little is known about how individuals 177 agree on a location. To investigate the mechanisms of communal shelter-seeking in 178 cockroaches (Periplaneta americana), robots were created that behaved like cockroaches and 179 that were accepted as conspecifics (based on their odour) by the cockroaches ([4] ; Fig. 1 ). The 180 robots were autonomous and capable of recognising the shelters and the walls of the arena 181 and of interacting with the cockroaches. The cockroaches prefer the darker of two shelters but 182 in the presence of cockroach robots that 'preferred' the lighter shelter, they could be made to 183 accept the lighter one more often than they normally would. The robots, despite their 184 preference for the lighter shelter, occasionally followed the cockroaches and occupied the 185 darker one. The experiments showed that the eventual outcome (adoption of the dark or light 186 shelter) was a result of a complex interaction between robots and cockroaches. Robots can be used to explore how animals select leaders and in which contexts they are 209 willing to follow. In a study on decision-making behaviour remote-controlled fish models 210 (and later a robotic fish) were used to demonstrate that the decision of which path to choose in 211 a y-maze was based on a quorum [37] . If the robotic fish took the risky path (passing a 212 predator model) and not the safe one, it was followed by a single fish but less often by groups 213 of 2, 4 and 8 fish. To guide groups past the predator model, two (or more) robotic fish were 214 required. Three robots generated no additional following (compared to two robots) supporting 215 the idea that a quorum was already reached with two leaders. If the fish had to choose 216 between two robotic fish that were different in appearance and which moved in different 217 directions, the decision in favour of the more popular one dramatically increased as a function 218 of group size as predicted by the Condorcet theorem [38] . 219
220
Robots for testing models of behaviour 221
In the case of collective behaviours of fish schools and bird flocks there is no shortage in 222 the literature of mechanistic models of these systems but a real lack of empirical data and 223 experimental tests [39] . Interactive robots should be used here to critically assess these 224 models and the assumptions they are based on. For example, in the debate on modelling 225 collective behaviour some authors proposed metric interactions (i.e. individuals respond to the 226 movements of near neighbours within a certain distance [40] ) others proposed topological 227 ones (i.e. individuals respond to fixed number of near neighbours largely regardless of 228 distance [20] ). To discriminate between the two model predictions a robotic fish was used that 229 performed a sudden change in direction relative to that of the rest of the shoal. From the 230 response of the shoal members it became clear that a topological model is more realistic [8] . 231
This type of research required a robot that could enter a group and physically interact with its 232 members. 233
235
Conclusions and future perspectives 236 options for interactive robots are available starting from lab-based systems that allow the use 241 of different robots within relatively small spaces (Box 2) to fully autonomous devices (Fig. 1) . 242
The approach used in creating "cyborg" insects (Box 1) is bound to become even more 243 sophisticated in the near future and should hold interesting possibilities for experimentalists 244 that require behavioural control over one or several individuals. The strength of the cyborg 245 approach is that the animal itself is being used rather than a machine that resembles an 246 animal. Interactions in social insects could be manipulated in this way to explore open 247 questions in collective behaviour research [41] [42] [43] . For example, several projects used robotic 248 honey bees to investigate the waggle dance and the onset of information cascades [44, 7] . Different studies described the development of behavioural differentiation in groups (e.g. 299 in cases where food accessibility was made difficult). For example, a proportion of 300 individuals may specialize in stealing food from others, or in joining others that have already 301 located food [53, 54] . Introducing specialized robots that mimic producer-scrounger behaviour 302 within the group might show how the proportion of different specialists is modified. Similarly 303 in insect societies, the introduction of robots as workers and how these modify the pattern of 304 division of labour could be investigated. 305 306
Robots as demonstrators 307
The cross-disciplinary study of imitation and social learning in robots, humans and animals 308 has emerged in recent years [55] . Animal behaviour experiments would benefit enormously 309 from having robotic "demonstrators" to explore the transmission process of copying 310 behaviour. The experiments on leadership in fish decision-making discussed earlier are just 311 the beginning of this new field [37, 38] . We described experiments on fish (in the section 312
Using robots as leaders) in which the phenotypic characteristics of leaders were manipulated 313 to explore the willingness of conspecifics to follow but this approach could be pushed further 314 to investigate also the willingness to copy behaviours and socially learn. Furthermore, the 315 manipulation of the demonstrator's behaviour could provide new important insights into what 316 information observers can extract from watching demonstrators (for example when exploiting 317 a food patch). Female robots could be a useful tool in experiments on mate choice copying. 318
The robot could simulate a preference for a particular male and the strength of this preference 319 could be precisely controlled in a robot so that copying behaviour from females could be 320 studied in detail. Robotic demonstrators could demonstrate behaviours with different error 321 rates which would address the question of whether it is easier to learn from individuals that 322 make mistakes. 323
Young animals can be imprinted on robots interacting with them [56] . An interesting area 324 for application is the use of robots for guiding young of the year that have been imprinted on 325 the robot (which embodies a parent) along a suitable migration route or away from danger. In 326 the past geese, cranes and other species [57] have been imprinted on costumed humans (who 327 mimic the parents species) and were trained to follow a light aircraft. This approach could 328 potentially be expanded to other species and contexts with robots that mimic the respective 329 species and can replace both humans and light aircraft. 330 331 Swarm intelligence and swarm robotics 332
In the context of collective behaviour, swarm intelligence has attracted much interest [58, 333 59] . The role of the cognitive abilities of individuals in the decision-making process of groups 334 is still relatively little understood which opens up many possibilities for experimental work. 335
How the information that individuals provide is processed could be investigated with robots 336 that inject pre-selected bits of information into the decision-making process. This is not to sayshowed how trained or instructed individuals can be used to initiate new behaviours in 339 groups. However, the latter does not provide the same degree of control as robots because of 340 inter-individual and within-individual variation (e.g. due to changes in motivation). 341
Swarm robotics [61] is a rapidly expanding field of research which offers a number of 342 interesting approaches to the study of animal behaviour. Automated recognition of social 343 behaviours can be used to assess the behavioural repertoire of an individual or a species 344 (similar to classical ethograms) and to calculate transition probabilities between different 345 behaviours to develop dynamic models of the behavioural architecture of organisms [3] . 346 Robots can then be used to embody these models. And going one step further, swarm robotics 347 can facilitate the study of evolutionary processes as well by mutating and evolving robot 348 social behaviour which can provide novel predictions for the study of communication and 349 adaptive behaviour [5, 62, 63] . Symbrion is a project that goes even further by aiming to 350 model, in a self-assembling swarm of robots, generic processes within biology such as 351 morphogenesis, energy homeostasis, and immune responses to faults [64] . organism. An impressive example of such a "cyborg-approach" is the remote-control of insect 625 flight [31] [32] [33] . A radio-equipped microcontroller emits pulses via electrodes to the brain and 626 selected muscle groups. Reliable control of flight initiation, cessation, elevation and direction 627 has been possible. Two different species of beetle (a) Cotinis texana and b) Mecynorrhina 628 torquata) were used, both of which are strong enough to carry the equipment during flight. 629 630
Costs and benefits 631
The Cyborg-approach opens up new ways of controlling locomotion in insects that could be 632 used in many different ways to manipulate interactions between con-or heterospecifics. 633
However, some inter-individual variation in responsiveness was observed and the approach is 634 restricted to species that are strong enough to carry the equipment. Both restrictions may be 635 overcome as smaller and more sophisticated technology becomes available. There are also 636 ethical considerations to be taken into account especially if this approach were to be applied 637 to vertebrates. Furthermore, in the case of more complex social behaviours it might be 638 necessary to show that the behaviour has not become artificial in any way. For example, a 639 behavioural response might be produced that is normally not observed in a given context. 
